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ABSTRACT 

P« Lh*rim,ph»,iovdiuic (TPV) appiicfttrons. mere Is 
considerable intern at present in emmtMg the absorption 
to longer wavelengths for Meter oven* system cfficSc*- 
oe» with lo-«sr temperature wvrcts. With rom-balanccd 
lni« ff Ca,As/tni yG^Asll/iP) Quantum Welt C««c(QWC»). 
where the average lattice»£onsc am gf well* and barrier Is 
Kht £am* « the InP substrate, chc ibfDfctiw, cart be «, 
tended, white reaming a tow dvlr current. A xtrairt-babneed 
lno.«W8eAs/lne.« 7 <^A s QWC extende the absorption 
edec beyond that of lattice-matched bulk IftGaAs to about 1 8 
f*m. which i« fiimibr to of {^s bi whife fhe darfc current re- 
mains at a tew level, we can modd trie spectral response of 
lnP-b*sed mdiidine striin-balanced. QWC*, Effic«rt<*w for 
solar (ami SG), bfaefc-body specr* of 1500-3200 K and se- 
rettive emitters are cecscnted. UaJce-mjiched InCaAsP and 
»trair>*«tonccd In* ia Ga 0 g, As/in,„ 7 c*« M Aa (InP) gwC 5 
show superior performance when compared with bulk InCjaA* 
rrtwfithrc interconnected modules and bulk CaSb TPV eefk. 



INTRODUCTION 

T)»eri^ (TPV) ia the *e of photovoltaic 

V * ^ to «6tiwtrc hear radiation* e g. from rhe eombus* 
Mrt of f 08 * 1 * Womass. Into electricity m, The energy 
■p«TrM«V Is often reshaped using telenive emtti era which 
sorb the hot radiation 3 nd r^emit in a narrow band. The 
re-emitted radution may be efficiently converted to dearie 
per using a PV ceil of appropriate low band-gap. 

«M.^ h< l PV "V^'J™* ^ te achre ** <* introducing 
mglt^v^ni weJU (MQW) into the intrinsic region of .p. 
*n diode if the sain in short-circuit current exceeds the loss in 
open-circuit volute [2J. A Quantum Weil Cell (QWQ in the 
*«ternary >yst< m InGaAsP ljnfc*matched to Inp suburb 
A a prendfttng Candida far TPV 4 pp 1 4^*001 at the effective 
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Sampi* description of a strain balanced Quantum Well Cell, 
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™'". oy "ryin* the well depth and 
v*dtnj o matcha grven spectrum. ]r>e enhancement in out- 
put tofuip of a QWC fa a major adyantftfe Tee TPV applfca. 
tiens |5^J. ! 

There b considerobfe interact al| present In externa the 
absorption to longer wavelencths tef higher oweralf system rf. 
fi^itcws with lew temporature fio4ree« and lower tempi*. 
lure tes.1 sources have abo lower Irv^Ls of pollution. AppfopeT 
aieand irwtpensJv, substrates of th,! re^uind lattice co^tant 
and band-gap are not available, « t^ lower band-gap mate, 
whs often strained to the Substrate (ntroduc'r* dlslocatfons 
wh,ch mcreese noiwadudve recorndinetion. In ■ MQW sv*- 
tem t dlrfoeatlon, can be avoideld by ttrain-baianciee tho 
^akewatrng barnVs and *4H\Un bigger and smjfc, 
? but on aMerage ar? Uttic^matcHed to the 

iterate [0|. The aenjrf Stra.n-batorjdng teehnio.ue, « to re- 
Srl^^ ^ve streis to *ero by baJandn e the 
njree* of tensile end com^rcssJwerjf stfWned layer* and thereby 
avoids the formation of mkftt ditle tatrwn . 

STRAIN-BALANCED JnGa|*i (InP) QWC 



Smail: e.f«hre)ic.ac.uk 



»«e consider « 30 
lno,iaG*>.jiiAs/hio 4tG«o,saAit (InP) 
scriptbn ts ghsen in Tab*e 1. In F<gun 



well strain-balanced 
<jJ^C. who«e sample de- 
1 the oram-ha Lancing 
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Incident Radiation 

«~ InP (p-type) 

|^ in 04? Ga O63 As QW 
,n CL6?Ga 0Jfl A5 Barrier 



InP (rrtype) 

InP Substrate 
Mirror 




Lattice Parameter 

Fig* L Schematic drawing of a str*In-babnced QWC» Jndi. 
eating strain- balancing conditio!* with regard to thi lattice 




Fig*. 2^ Sehem«jc dwwirte of the wffy ban**ip of a 
utraiA.btlar.ccd QWC 

eondhiow with r W rd to tho lattice com tin a rt0 >Nn ( and 
a diagram of the «r« w ban^ap. 

« thif krnd of structure. 

Hit saiftpfe UfefcrconciderKion w»» not deigtvrf fc* TPV 
■pplfcatianc jfid th* p-region, for mmplt. fc far to thick, Jr. 
da« not quite fulfill the a^n-babncfld eondltlona, tw 
ClOte enough to a** main relation. 

In Fi B ur* 3 *c kh ». tho^peunil r^p^ ( 5R ) ^ 0f - 

l rt daA* TH, dark current 
oensi^r ho^wcr, , 8 eyw better thtt in & »od lactic* 

b^ncod approach hai <„ iD M tH o absorption threshold » 
«wndid out t. 1,77 /.m «Mt r«ainms a dark currant mo* 




P. 39 
P:6'8 



Ffe J SR of th« etroit^alaricid taGaAs/lnP QWC (no 
anfe-reflectton coating). * 




1 laturnnafefod QvyC, bwlK CaS6 knd ln6aA« MIM. 
appropriate » a «» with a bai*edje «f tm than 1.6S pm 

|9|. The ctfl efficiency can »e deiemfed eten tl» 

tobflctd QWC » fattd uilftg tMs extUfea model. 

**d on trioc wiulK ind oit tireviouiJy derr^rewrtid 
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Wowrlertgth (nm) 



Fij. S. Modelled tnwuf quantum efficiency of strafn-balanced 
OWC (with back-mimyj and Helmi* spectrum (not to scale). 

modelling of l*tfe*m»tched InGaAsP p], we model 4 strain* 
balanced OWC optimised far TPV 4ppKciixiun» with a Holmia 
emitter (emktin* 0 round 2 [13J). W« therefor* consider a 
ctram-bilanced QWC consisting of ln fltH GaA« ? A* n- and p. 
rtttkma lattwo-matehcd co mP. arid tltc Ur*£ion atfernttme 60 
ln».t?C*fl w As melh with a bulk band^d(e of 2.» pm, and 
IftiMMGaaoqA* barriers with a band*cdft of 1.32 pm* both 
lOOA rtfck, with fttraifrbftJimcc Cbuditiorti Calculated usint; 

P kJ^! t)fW **" bdflW *** ""fen thfcfcne* Of 
about 130 A far thii cfwiposhkiA |7], The critical thickness 
of strained IpGjas on inP is wen described by the classical 
Matthews and BUfcslee forte balance model |*|, u has been 
shows experimcntaNy by Temkin ex a/. (?) In Figures I and 2 
scheme** diagram* of this Structure are shown, and Figure S 
shews the modelled spectral response, 

Strain-balanced OWG in InGaP/lnGeAs on GaAs haw 
demonstrated daifc cvrrtnl* comparable u> homOfenout GjA* 
c«R« (ft|. We have shown (see Fi^re 4) ihac, if anything. 
lm «Gi w At/M|. i fia A A S (inP) cells with iDurpne* edges 
out to 1.77 *m have lower dark currents than bulk mGaAi 
eeat, Hence tor this projection wo o»um 8 that the dark cur- 
rem of the mocUfed strain-balanced InGoAs/JnP QWCs ii the 
same 49 the experimental OWC result shown in Figure 4 



COMPARISON WITH BULK InGatAs Ml*, AND GaSb 

We compare our strain-belanced QWC as «erl as our 
laitice-maiehed InGaAsP QWG» [0] with bue^matched In. 
GoAft monolithic interconnected modules ( MIMs) f?| one of 
Ihe best bulk inG*As/i«P TPV cafe, and with bulk <Mb IUI, 

£Ti& the ^.^^ * Wr* used comrwdaJV 
for TPV appl.cw.on* [2|. The dark current of our QWCa 
rt much lower than toe homo-struawre cells (Figure 4). To 
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6. Moddlid interns! mumufn afficiency (with 
back-mirror) of InGaAsP QWC. billk InCaA* MIM and C*Sb 
Also indicated ore the spectra iMitating Vtterbia and &bia 
(not to scale). 



^£7,^ C,eneM * "* IWame conditions of 

100 KW/m a normalised power Mcnairy. C rid snadmg of fi% 
and mtemel Quantum efRocnciei for oil cells. A back «irfac« 
reflector is an integral pan of MIM technotoey and partic- 
ularly useful for OWC* «i it enharxes the well contribution 
SignffjciftBy It also increases TPV Lystem efficiency because 
longer wawjtaflth ttidiatfen, Out U net Absorbed by the celL 
,fi rB ^ ect «^ t »f U » ** »Mf«. Thi effcet of such a mirror * 
amulatod by doubling the li«ht pasj thr«u«h ^ weJIi, 

The rtAiln for;varbus inumiLt mft cp^tra are sum- 
martwd in Table 2. The relative e^d«nti«* are rathw more 
rehable than the aaoolute vahia. 

Ir* mar^cases in Table 2. the higher BR of the InGaAi MIM 
and G«5b (see Fiture 0) Is mom thai orHiet oy the bw»r dark 

^rWack-bod^mperoiiires. forotampje* 3700K and the 
^j^ f Irvm ™ l >* (fPf^li MOO K) «r 100 times 
^^S W fT^ El * ,> * " t< * V9Uribl<? r « r «tiee-matched InGoAsP 
OWC W,th narrow-pa^ selective Emitters such as Ytterba 

or 930 nm and 15Q0 am rcjpoctwc!*p| the InCaAcP QWC 
has tigiuficaet aeWntaeej over the inGaAc MIM and GaSb 

^\T^% M 1^^J^ X ™P»«™ miners 
2L Me °' Erbl * Wd MoJm '* ^ Strpm-baUnced QWC 
outperforms the others. 
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Table 2 

Comparbon of predicted afrkieifceiM (ill 94) of bulk l*OAt 
MlM, G*$b, Ittttec-niatchcd and «r«m-butanced QWCs wj*h 
back-mirror using internal quantum efficiencies, under various 
Spectra « 100 hW/rt 1 , and 5 % grid chad**. 
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CONCLUSIONS 





We have demonstrated twin-balanced 
tfti-«Ca*As/ln» j£a»M material in a p-i-n device on inP 
We observe 9 dark current better than published results for a 
MlM* device with a band-edge o<^ ,lW urn. even though 
the absorption thnahoW hA$ been attended to 177 /my 
Strain-balanced InGaAs (tnP) or lattice-matched tnGaAp? 
QWCs are predicted to have superior performance compared 
to «at*-otatM>jrt lattice-matched bulk lnGaA« MIMi end 
<USb TPV cells. Sirairt-baljncing eatends The absorption into 
longer wavelength* and Is therefor* wery suitable far TPv 
jpoJirotont particularly with a UoJmia emitter 



We would like to thank Na*d Fatemt for Information 
about InCaAs MIMs and Andreas Best for information about 
GaSb. We are grateful 10 EPSRC for financial Nippon 
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m THE UNITED STATES PATENT AND TRADEMA RK OFFICE 
In re Patent AppUcation of 

R °HR ct al Atty. Kef.: \ 550-269 

Serial No. 09/955,297 Group: 1753 

Filed: September 19, 2001 Examiner j Brian Mutschler 

For: PHOTOVOLTAIC DEVICE j 

*****♦****!* 



c t* m 

. ro m 

^ s < 

° o 



July 17, 20&3 



Assistant Commissioner for Patents 
Washington, DC 20231 



Sir: 



Sir: 



RULE 132 DECLARATION OF DR. NEAL a ANDERSON 



I, Neal G. Anderson, hereby declare as follows: j 

(1) That I am an Associate Professor in the Department of Electrical and 
Computer Engineering at the University of Massachusetts at Amherst, MA., and my 
education and work experience are detailed in the attached curriculum vittn (attached as 
Exhibit 1). 

(2) That I have read U.S. Application Serial No 09/955,297 filed in the name of 
Root et al, the Final Rejection mailed by the Patent Office on January 27, 2003 and the 
below-cited prior art references referred to therein. 

(3) That, with reference to the above specification, the Examiner incorrectly 
alleges, on page 2, section 2 of the Final Rejection, that 
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(a) disci do« m mcnhoa the u,. of .w* . qua^azy 

compound;" 

(b) The disclosure "does not enable one skilled in the art to use the material 
in the quantum well portion in the scope in which it is claimed;" i 

(c) "the specification does not reasonably provide enablement for GaSb or 
GaAs as substrates, as claimed in claims J 1 and 12;" and 

(d) the specification, in relations to InP substrates and InAsP or InGaAs 
"virtual" substrates, "does not disclose the use of the claimed material in such a way for 
one skilled in the are to make the claimed device." 

i 

(4) That, as an Assistant Professor (1988-1994) and Associate Professor (1994- 
date) I have taught undergraduate and graduate engineering students the courses listed on 
the last page of my attached curriculum vitae and am well aware ojf the level of skill of 
those persons of ordinary skill involved in the photovoltaic cell art and that such persons 
will have at least (a) an undergraduate degree in electrical or electrpnics engineering, (b) 
at least a masters degree in a related electrical engineering field and (c) at least 5 yean 
experience in the photovoltaic cell field. 

(5) That, in view of my experience in the field of semiconductor quantum wells 
and strained-layer structures from 1984 and photovoltaic cells since 1994 1 can 



specification teaching 



unequivocally state that the Examiner is incorrect because, with th« 
how to grow a multi-quantum well system according to the stress b; dance condition on 
In? substrates and tnAsP or InGaAs "virtual" substrates, it would bo straightforward for a 
person of ordinary skill in this art to apply these teachings to other Group IU-V ternary or 
quaternary systems on GaSb and GaAs substrates. 
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ine 13 to page 12, 



(6) Responding directly to the Examiner's four bases of rejection: 

(a) The specification describes on page 6, line 20 to page 7, line 24 how to 
produce a stress balanced multiple quantum well device on InP substrate and the 
substitution of quaternary compounds would be an obvious variant to one of ordinary 
skill in the art of the present disclosure; 

(b) The specification explicitly describes on page 1 1., 
line 10 the conditions to be met in producing a device according to the claimed invention 
in any suitable material system and thus one of ordinary skill in the art would clearly be 
enabled to use the material in a quantum well portion as set out in the claims thereby 
obtaining the benefit of the present invention; 

(c) Given the explicit disclosure of the conditions to to met in any material 
system as described in the specification on page 1 1, line 12 to page 12, line 1 0, the 
specification does enable one of ordinary skill in the art to use GaSbi or GaAs as 
substrates and obtain the benefit of the present invention; and 

(d) The specific disclosure of the relationship of physical parameters to be 
met as set out on page 1 1, line 13 to page 1 2, Une 10 is a more than sufficient disclosure 
so as to enable one of ordinary skill in the art to use the claimed material in making the 
claimed device. 

(7) That, with reference to claims 10-13 & 27, the Examiner incorrectly alleges, on 
page 3, section 8 of the Final Rejection, that: 

(a) the specification "does not reasonably provide enablement for other 
materials as substrates or stronrium-c ntaining layers;" 



_ 7 _ 
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(b) the specification does not enable one of ordinary jsktll ''to make the 
invention commensurate in scope with these claims;" 

(c) "[t]he specification does not describe the use of ofhcr materials as 
substrates other than InP;" 

(d) "InGaAsP is the only material disclosed in depth jfor the quantum well 
and barrier layers;" and j 

. ! 

(e) that, while the dark current behavior of an AlGaAjs/GaAs QWC is 
shown, "no details of the cell are disclosed. 11 j 

(8) That, the Examiner, in admitting that the specification i$ "enabling for using 
In? substrates and InGaAsP or AlGaAs quantum well layers and binier layers," 

i 

effectively admits enablement for the application of the invention tp other materials as 
substrates as well as Sb containing layers. 

(9) Responding directly to the Examiner's five bases of rejection, it should be 
understood that Sb is antimony and not strontium (this error is made throughout the 
official action). The specification clearly discloses a specific example device on page & 
line 20 to page 7, line 24 as well as an explicit disclosure of how tke technique may be 
used in other suitable material systems in terms of the necessary rel attonship between the 
physical parameters thereof that should be met. As a result of the ai >ove teachings: 

(a) the specification clearly does provide an enabling disclosure for other 
materials as substrates and antimony-containing layers; 

(b) the specification clearly does enable one of ordinajy skill to practice the 
claimed invention; 
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(c) the specification clearly provides an enabling disclosure for die use of 
materials as substrates other than InP; 

i 

(d) the specification clearly contains a sufficient disclosure such that those 
of ordinary skill in the art will appreciate that materials otter than InGaAsP could be 
used for the quantum well and barrier layers; and 

(e) in view of the specification, one of ordinary skill i a the art could easily 
construct the AlGaAs/GaAs QWC cell structure that produced the (jart< current behavior 
shown in Figure 6. ! 

(10) That, the Examiner's suggestion that every element set but in claims 1-6, 12, 
13, 42 and 43 is present in the Ekins-Daukes reference ("Strain-balanced GaAsP/InGaAs 
quantum well solar cells" - hereinafter Ekins-Daukes J) as stated inline Final Rejection, 
page 5, section 12 is incorrect. 

(1 1) Specifically, the Examiner errs in his conclusion that the requirement of 

claim 1 that "a period of one tensile strained layer and one compressively strained layer 

i 

exerts substantially no shear force on a neighbouring structure" is ensured by the Ekins- 
Daukes I disclosure of a thickness-weighted average lattice constant: approach as in 
equation l of Ekins-Daukes I. 

(12) The Ekins-Daukes I disclosure teaches that the thickness-weighted average 
lattice constant of wells and barriers is roughly the same as the InP Substrate but this is 
insufficiently exact to ensure periods which exert "substantially no sfaar force on a 
neighboring structure." 

(13) I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
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further that these statements were made with the knowledge that willful raise statements 
and the like so made are punishable by One or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such wilJftil false statements may 
jeopardize the validity of the application or any patent issued thereon. 
Enclosure: Exhibit 1 



Date 
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Exhibit l-CV for 

Neal G. Anderson 



Department of Electrical and Compute* Engineering 
Un iversity of Massachusetts at Amherst 
Amherst, MA O30Q3~S11O 



CURRENT 

Associate Professor 

their applications in solar cells, lasers, and blue/UV optoelectronics. Current interest* include 
physical information theory and its engineering implications and applications. 

EDUCATION 



Recent research activities in quantum semiconductor heterostructurea and 



PkD. in Electrical Engineering - August, 1 988. 
North Carolina State University, Raleigh, North Carolina. 
Dissertation: "Strained-Layer LriGaAs-GaAs Heterojuncttons, Quantum Wells and 
Supcrlatttces: Electronic Structure and Optical Properties" (Chair. Robert Ijtolbas). 



PROFESSIONAL ASSOCIATIONS 



•TEES 
• APS 



• Optical Society of America 

• Philosophy of Science Association 



AAAS 



SELECTED RECENT PUBLICATIONS, PRESENTATIONS AND REPORTS j. 

i 

Neal C. Anderson j 
"Quantum Channels with Limited Access" 

Invited talk presented at the Special Session on Quantum Information Theory: 979* Meeting of the 
American Mathematical Society, Boston, October 2002. Manuscript in preparation. 



NealG. Anderson 

"On Quantum Well Solar Cell Efficiencies" 
Invited 



Med paper presented at the Workshop on Nanostructurea in 
Dresden, Germany, July 30-August 10, 2001. 
bllshed in PAytica £, 14, 126 (2002). 



Photovoltaic*, Max Planck Institute, 



Published 

22Sf J? 8 "^' Neal Ande »on, Gary Cheek, George Cody, and Terry Petersdn 
"2001 Peer Review of the US. Department of Energy Photovoltaic* Program" 
Delivered to Assistant Energy Secretary Robert Dixon on September H, 2001. 
Available through www.nrcLgov/nepv. 

Todd R. Tolliver, Neal G. Anderson, Parld Agahi, and Kei May Uu 
Characteristic Temperature Study of GaAsP-AlGa As Strained Quantum Well Lasers" 
}<mrtt»t of Applied Pays**. 88, 5400 (2000). j 

! 

Dhmpad A. Trivadi and Neal G. Anderson ! 

Su*efltttce»^ ear " CaP Re£nClive Index P^P 6 ^ Of Semiconductor Mjiltiple Quanrum Wells and 

ft""^ ' J ° * D, ?l A S - Lo * tt ' M"*" 1 A - Tischlcr, Neal C. Anderson, and J. S. Flymi 
An Optically Pumped GaN-AlGaN Vertical Cavity Surface Emitting Laser' 
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^flpterf ^yswy tfrs 69, 1 (1996). 



TEACHING ACTIVITIES 



Undergradu ate Course 



ENGTN 112 Introduction to Electrical and Computer Engineering 
ECE303 Junior Seminar 

ECE 31 6 Semiconductor Materials and Device? (now ECE 344) 
ECE494 Professional Seminar 
ECE 571 Microelectronic lubrication 
ECE 572 Optoelectronics 



Graduate Courses 



ECE 607 Fundamentals oi Solid State Electronics X 

ECE 609 Semiconductor Devices 

ECE 618 Fundamentals o/Solid State Electronics n 

ECE 697 Quantum Information Theory 

ECE 722 Physical Semiconductor Electronics 

ECE 723 Quantum Electronics (formally Introduction to Maseru and Lasers") 



, L Jst excludes Honors Thesis (ECE 499), Senior Design Project (now BCB - 
(ECE 696) 

College of Engineering Outstanding Teaching Award 

First recipient of teaching award, established in 1993, given annually to 
College of Engineering at UMass. 



415), and Independent Study 



one faculty member in the 



Updated July 2003 
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